Gravels and coarse sands make up significant portions of some environmentally important sediments, while the hydraulic properties of the sediments are typically obtained in the laboratory using only the fine fraction (e.g., <2 mm or 4.75 mm). Researchers have found that the content of gravel has significant impacts on the hydraulic properties of the bulk soils. Under the study reported here, Laboratory experiments were conducted to measure the porosity and the saturated hydraulic conductivity of binary mixtures with different fractions of coarse and fine components. We proposed a mixing-coefficient model to estimate the porosity and a power-averaging method to determine the effective particle diameter and further to predict the saturated hydraulic conductivity of binary mixtures. The proposed methods were able to estimate the porosity and saturated hydraulic conductivity of the binary mixtures for the full range of gravel contents and were successfully applied to two datasets in the literature.
Introduction
Gravels make up significant portions of some environmentally important sediments but often are paid less attention than the finer components. For example, the Hanford vadose zone underlying radioactive waste tanks in south-central Washington State contains substantial regions characterized as gravelly sands and sandy gravels. Some of the soils contain more than 60% gravels (particle diameter >2 mm) (Khaleel and Freeman 1995) . Effective closure of mine wastes, which contain large amounts of gravels, requires predicting the heap leach draindown and long-term groundwater impacts from waste facilities (Milczarek et al. 2006) . Gravels are also an important component in engineered capillary barriers (Ross 1990; Selker 1997; Conca et al. 1998) or compacted soil liners (Shelly and Daniel 1993) for subsurface waste isolation.
Gravels are typically defined as the particles that are retained on No. 4 (4.75-mm) sieve (ASTM 2002) or the particles larger than 2 mm (Soil Survey Staff 1975; Gee and Or 2002) . Because agricultural soils often have relatively low gravel contents, gravelly soils are studied less frequently than soils with negligible amounts of gravels. Furthermore, most laboratory measurements of the hydraulic properties of soils are limited to the fine earth fraction (<2-or <4.75-mm fraction). Determining properties for soils containing rock fragments requires either in situ measurements, sometimes impractically large measurement apparatuses (e.g., soil column), or procedures that adjust fine earth material properties for the coarse fraction content. Nevertheless, the presence of gravels modifies the porosity and pore connectivity/ tortuosity and hence affects the hydraulic conductivity. Researchers have found that, depending on the relative proportion of the coarse and fine components, the inclusion of gravels in the finer component may increase or decrease the porosity and hydraulic conductivity of a mixture. For natural soils, the two components of a mixture are a <2-(or 4.75-) mm matrix (i.e., fines) and ≥2-(or 4.75-) mm gravels (i.e., coarse component). A mixture may also be divided into multiple components and then more comprehensive methods are needed to estimate the hydraulic properties of the mixture.
This report briefly describes the results of a study in support of the U.S. Department of Energy's Remediation and Closure Science Project and the CH2M HILL Plateau Remediation Company's Remediation Decision Support project. It reviews the experimental findings and models used to predict the impacts of gravel on the porosity and the saturated hydraulic conductivity of binary mixtures. The gravel impacts on soil water retention and unsaturated hydraulic conductivity were not considered.
Gravel Effects on Porosity
Laboratory and theoretical studies have found that, 1) the porosity of a binary mixture, φ m , depends on the fraction of each particle size population and the ratio of the particle diameters; 2) the porosity of a mixture of large and small particles is less than the linear combination of the porosities of the pure components; and 3) a porosity minimum is often observed for binary mixtures. This minimum theoretically occurs when small particles completely fill the voids of the load-bearing larger particles. Porosity values decrease when the sediment mixture is compacted; however, the porosity minimum and observed features still occur.
Clark (1979) identified two types of particle packing, "coarse packing" and "fine packing," in binary mixtures. In coarse packing, smaller particles are contained in the pore space created by load-bearing coarse-grained particles, while, in fine packing, larger particles disperse in a fine-grained matrix. Development of quantitative porosity relationships has been based on the assumption of "ideal packing," that is, only one type of particle packing (coarse or fine) occurs at a time and each particle type does not disturb the packing of the other particle type. Comparisons of data to predictions made with the ideal packing model show consistent under-predictions of porosity for sediment mixtures. Predicted porosities for angular coarse particles deviate even further from the ideal packing model (Shakoor and Cook 1990) . Peck and Watson (1979) used heat flow analogy to obtain expressions for the bulk hydraulic conductivity of a medium with spherical inclusions of different hydraulic conductivity. Bouwer and Rice (1984) assumed that the ratio of K s of the mixture to that of the fine fraction is equal to the void ratio of the mixture to that of the sand. Both of these models are only applicable to the mixtures that the fine fraction dominates (ideal fine packing). When the volume fraction of fine grains is less than the porosity of the coarse-grained fragment, some fine grains are distributed in the pore space of the coarse-grained component, while the remaining fine grains displace the coarse grains. Koltermann and Gorelick (1995) modified the ideal packing model by introducing a weighting coefficient, y, that reflects the relative proportions of coarse and fine packing and varies between one and a minimum value. Their results showed that the modified model, which they called the fractional-packing model, predicted the porosities of mixtures better than the ideal model. However, the physical meaning of the y coefficient in the fractional packing is not very clear. Furthermore, we found that, when y min is very small, the minimum porosity does not occur at y min as it should. Kamann et al. (2007) also found this problem and hence extended the model as the piecewise-linear fractional-packing model for porosity calculation.
Gravel Effects on Hydraulic Conductivity
Under the study reported here, we focused on research in which gravels were mixed with a matrix as opposed to cases where gravels were placed on a soil surface as a covering layer. Mehuys et al. (1975) experimented with stony desert soils (up to 40% by mass of gravels with particle diameter >2 mm) and found that the presence of stones had no appreciable effect on the relationship between unsaturated hydraulic conductivity, K, and pressure head of soil water, ψ. Infiltration in stony soils decreases with increasing rock content because of the less accessible surface for water flow (Valentin 1994) . Furthermore, the more spherical rock fragments are, the lower the saturated hydraulic conductivity (Dunn and Mehuys 1984) . Marion (1990) and Shakoor and Cook (1990) measured the permeability of a sand/clay and a gravel/silty clay mixture, respectively. They found that the effects of the fraction of finegrained materials on the measured permeabilities of the mixtures were more complex. At either the very low or very high fraction of fine-grained material, the permeability of the mixture did not vary significantly. However, the permeability of the mixture varied by several orders of magnitude with a small change of fines content at some critical value. Milczerek et al. (2006) and Kamann (2007) observed similar results.
Report Contents and Organization
In this report, we introduce a mixing-coefficient model to estimate the porosity and a poweraveraging method to estimate the representative particle diameter of a binary mixture. The saturated hydraulic conductivity of the mixture is then predicted using the Kozeny-Carman equation (Bear 1972) based on the representative grain diameter of the mixture. The proposed methods were tested with laboratory experiments that measured the porosity and saturated hydraulic conductivity of different mixtures of coarse and fine components and with data from the literature. The ensuing sections describe 1.3 the associated mathematical expressions, materials and methods used, and study results and related discussion, summary, and conclusions.
2.1

Mathematic Expressions
The mathematical expressions for estimating the porosity of a binary mixture and the hydraulic conductivity of a mixture are described in the following sections.
Estimating the Porosity of a Binary Mixture
Under our mixing-coefficient model, we first introduce the porosity upper and lower bounds of a mixture based on the existing theory. Then the mixing-coefficient model is introduced to estimate the porosity of a mixture with a certain degree of mixing.
The upper bound of porosity of a binary mixture is determined by assuming that the two components are packed without mixing with one another. Hence, the upper bound of φ m of a binary mixture is simply the linear interpolation of the porosity of the coarse component, φ c , and that of the fine component, φ f : 
where superscript 'lb' denotes for the 'lower bound.'
In reality, two components are often not fully mixed and the porosity of a mixture lies between the upper and the lower bounds. For example, Yu et al. (1997) found that poured packing produced larger porosity and hence less mixing between the coarse and fine components than tapped packing. In the field, the mixing coefficient for a specific mixture is dependent on the formation history of the material. Generally, the ideal packing model underestimates the porosity of a mixture because one almost can never achieve ideal packing. Predicted porosities for angular coarse particles deviate even further from the ideal 2.2 packing model (Shakoor and Cook 1990) . Here we introduce a mixing coefficient, λ, which varies between 0 and 1 to quantify the degree of mixing as follows: actual value of λ is dependent on the mixing condition and the properties of the two components. A poor mixing procedure (e.g., poured packing) will produce a lower λ value and a good mixing procedure (e.g., tapped packing) will lead to a higher λ value. Substituting Equations (2.1) and (2.2) into Equation (2.3) and rearranging yields the relationship for calculating the porosity of a mixture to be 
Estimating Hydraulic Conductivity of a Mixture
Quantitative relationships for hydraulic conductivity versus mean grain size have been developed by analogy to pipe flow and flow in capillaries (e.g., Kozeny 1927; Carman 1937) . The Kozeny (1927) and Carman (1937) equations have been modified by a few researchers (e.g., Collins 1961; Bear 1972; de Marsily 1986) . These equations include the effects of both particle diameter and porosity on hydraulic conductivity. Koltermann and Gorelick (1995) A difficulty in applying the Kozeny-Carman equation to estimate K sm is how to determine the representative particle diameter. Bear (1972) recommends using the harmonic mean particle diameter for a porous medium. Koltermann and Gorelick (1995) used the geometric and harmonic means to calculate representative particle diameters for the high and low fraction of the coarse component, respectively. However, this approach produces a discontinuity when the fraction of the coarse component is at the intermediate level. In other words, the average method is undefined for mixtures with neither of the components being dominant. The same method was used by Kamann et al. (2007) . To overcome the problem of discontinuity, a power-averaging method is introduced to determine the representative particle-diameter of a binary mixture, d m : (Figure 2.2) . A good approximation for b vc0 is b vc0 = 1 -φ c , at which the porosity reaches its minimum. We found by trial and error that letting a = 20 seemed acceptable for all of the mixtures investigated in our work and those investigated by Marion (1990) and Shakoor and Cook (1990) . When b vc = 1, p approaches zero and d m approaches the geometric mean; when b vc = 0, p approaches -1 and d m approaches the harmonic mean. These mean values at high and low b vc are consistent with those suggested by Koltermann and Gorelick (1995) and Kamann et al. (2007) . 
Materials and Methods
Laboratory experiments were carried out to investigate the impacts of gravel fraction on the porosity and hydraulic conductivity of five binary mixtures, represented by letters A through E in Table 3 .1. Glass beads of different sizes (Table 3. 2; Potters Industries, Inc., Valley Forge, PA) were used as surrogates of gravels and hence the glass beads may be referred to as gravels as well. Either #20-30 Accusand from Unimin Corporation' (Le Sueur, MN) or Hanford Warden silt loam (Table 3. 2) was used to represent the matrix. The reported particle density was 2.50 g/cm -3 (Potters Industries, Inc. 2005) for glass beads, 2.664 g/cm -3 for Accusand (Schroth et al. 1996) , and 2.72 g/cm -3 for the silt loam (Gee et al. 1989 ). (a) The representative particle diameter was determined using the measured saturated hydraulic conductivity and Equation (2.5).
For each mixture, porosity and saturated hydraulic conductivity were measured for 11 different proportions of coarse and fine components from pure coarse to pure fine with a fraction interval (by weight) of about 10%. The porosity of each mixture or a pure phase was determined after measuring its bulk density (ρ bm ) as follows: where b w and ρ p are the component fraction by weight and the particle density, respectively. To estimate the porosity or the hydraulic conductivity of the mixture, the volume fraction is needed. To convert b w to b v , it is assumed that the fine component in a mixture has the same bulk density (ρ bf ) as it has in the pure phase. Then, the conversion between the mass and volume fraction can be obtained by b vf = b wf ρ bm /ρ bf .
The saturated hydraulic conductivity of each mixture or pure phase was measured using a constant head method in a flow cell. The flow cell had an internal diameter of 0.2 m and a height of 0.4 m with a sample height of about 0.3 m and tubes with internal diameters of 0.025 m were used for water supply. Two manometers were connected to the water reservoirs below and above the soil sample for the measurement of water heads. For the K s measurement of each sample, four to six heads were applied and corresponding flux rates were measured followed by the examination of the linearity between flux rate and hydraulic heads. Data that showed nonlinear relationships indicated possible flow restriction by system or nonlaminar flow and were discarded. The measured K s values of the pure components for making mixtures are summarized in Table 3 .2. The d m of the pure phase were calculated with Equation (2.5) and are also listed in Table 3 .2. These d m for the pure phases were used to predict the representative particle diameter of mixtures using Equation (2.6).
4.1
Result and Discussions
In this section, we present the measured and predicted porosity and hydraulic conductivity of the mixtures. The proposed models are then applied to two data sets in the literature.
Porosity and the Mixing Coefficient
The porosities of the mixtures at the different coarse-component fraction b vc are shown by the circles in Figure 4 .1. Each curve is composed of one decreasing and one increasing line segment separated by a minimum porosity when the coarse fraction was at approximately 1-φ c . This behavior is in agreement with the previous findings although the packings in our experiments were not ideal, as will be shown later by the mixing coefficients. As expected, for all of the mixtures except D, when the two mixing components with distinct particle sizes mixed together, the porosity of the mixture varied between the upper and lower bounds due to nonideal mixing. For mixture D (50-mm glass beads and #20-30 Accusand), the mixing was ideal or near ideal as suggested by the mixing coefficients; the measured porosity at relatively low b vc was slightly less than the lower bound values due to possible experiment error.
The mixing coefficients of the mixtures were calculated using Equation (2.3) and are shown in with the packing condition and gravel content, it seems that using a constant λ is generally acceptable for calculating the porosities of the mixtures because λ has smaller impacts when there is a larger deviation of b vc from 1 -φ c . Generally, the average mixing coefficients, λ avg , increased as the particle size ratio of coarse to fine components increased (Figure 4.3 The results indicate that the mixing coefficient model using the λ avg can predict the measurement quite well; the ideal-mixing model generally underestimated porosity and may be acceptable when the coarseto-fine ratio is relatively large (e.g., for mixture D); and the zero-mixing significantly overestimated porosity for all the mixtures.
Saturated Hydraulic Conductivity of Mixtures
The measured saturated hydraulic conductivities of mixtures A through E are shown by the circles in Figure 4 .4. For each of the mixtures, as the gravel content increased, K sm decreased slightly to a minimum and then increased sharply. This is because, when the gravel fraction was low, it embedded in the matrix and hence blocked some flow paths and reduced the porosity, as indicated by the ideal packing 4.2 model. Consequently, K sm slightly decreased with increasing gravel content. For the five mixtures, the maximum reduction in K sm was no more than 50% of the K s of the fine component. When the gravel content is relatively high (e.g., >b cv0 ), connected large pores were formed among the gravels and hence K sm increased sharply with the increasing gravel fraction by as large as orders magnitude. Generally, the gravel effects on K sm were larger when the particle size ratio was larger. Although the increasing trends for C and D were slightly different from those for A, B, and E, we attributed these to be artifacts of the experimental method rather than normal behavior. For C and D, due to the relatively large particle size ratio and narrow particle size distribution for each of the components, instead of a random distribution, the fine particles tended to fall to the bottom of the coarse structure when the particle size contrasts were relatively large. We observed that mixtures C and D at very high gravel fractions (about 0.8 and higher) were composed of two distinctly layers: one layer formed with the two components at the lower part of the column and the other formed with the pure coarse component at the upper portion of the column. Consequently, the measured K sm is lower than it should be. The critical gravel fraction corresponding to the minimum K sm (Figure 4 .4) might be greater or less than 1-φ c (= 0.6 if φ c takes a typical value of 0.4), the theoretical value based on the ideal packing model, because for nonideal packing, part of the gravel was mixed with the fine matrix and the nonmixed part stayed together as gravel clusters. The nonmixed portion of gravels tended to increase K sm , while the mixed portion tended to reduce the bulk porosity and hence K sm . The total effects of the mixed and unmixed gravels determined the critical fractions. The packing procedures might also have significant impacts on the continuity of the macro-pores among the unmixed gravels. Based on our observations, b vc0 varied roughly between 0.4 and 0.8. This suggests that, depending on the packing condition and the degree of mixing, K sm can vary significantly when the gravel fraction is approximately between 0.4 and 0.8. For natural soil-gravel mixtures, the mixing history can have a significant impact on K sm . Consequently, accurate prediction of K sm when the gravel content is in this range can be difficult and may be subject to large uncertainty.
Using the power-averaged d m and three porosity models as inputs to the Kozeny-Carmen equation (Equation [(2.5] ), the predictions of K sm are shown in Figure 4 .4. The results indicate that the model based on the power-averaged d m could reasonably predict the K sm of the mixtures and captured the sharp increase of K sm when the gravel fraction was higher than the critical values. As expected, the hydraulic conductivity tended to be underestimated when the ideal-mixing porosity model was used and overestimated when the zero-mixing porosity model was used. The predictions from the mixingcoefficient porosity model match the measurements the best. For mixtures C and D, there were relatively large discrepancies between the predictions and measurements when the gravel fraction was between about 0.8 and 0.9. This might be due to measurement errors when, at high gravel content, the fine component tended to go to the lower section of the packing.
The proposed model was used to predict the hydraulic conductivity for binary mixtures from Marion (1990) and Shakoor and Cook (1990) (Figure 4 .5). After determining the effective particle size with the power-averaging method, the Kozeny-Carman model was able to predict K sm over the entire range of the gravel fraction for the Marion (1990) data. The model was also able to predict K sm for the Shakoor and Cook (1990) data; however, the K sm tended to be under-predicted at gravel fractions greater than 0.6. Nonetheless, the general similarity between predicted and measured K sm indicates that the poweraveraging method can be used to predict the effective particle size of gravelly soils.
Summary and Conclusions
Experiments using a five binary mixture of glass beads and Accusand or glass beads and a silt loam soil showed that the porosity of a mixture linearly decreased to a minimum value and then increased with the increase in the gravel fraction. The minimum porosity generally occurred at the gravel fraction of 1 -φ c . A mixing coefficient model was proposed to estimate the porosity of binary mixtures and an average mixing coefficient may be used to estimate the porosity of a mixture without introducing significant error.
The impact of gravel fraction on the saturated hydraulic conductivity was more significant and more complex than it was on porosity. There was a critical gravel fraction, below which gravels block flow and hence the K sm decreased with the increasing gravel fraction. Once the gravel fraction was greater than the critical value, the K sm increased sharply by as large as orders of magnitude due to the formation of continuous large pores. We proposed a power-averaging method to determine the representative particle 4.6 diameter of a binary mixture. The model was tested using experimental data and data from literature, and it was shown to correctly predict the K sm variation when the gravel fraction varied from zero to one. Shakoor and Cook (1990) 
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